Based on a sample of approximately 500 000 hadronic Z 0 decays accumulated between 1993 and 1998, the SLD experiment has set limits on 24 fully charged two-body and quasi-two-body exclusive charmless hadronic decays of B ϩ , B 0 , and B s 0 mesons. The precise tracking capabilities of the SLD detector provided for the efficient reduction of combinatoric backgrounds, yielding the most precise available limits for ten of these modes.
PACS number͑s͒: 13.25.Hw
The search for exclusive charmless decays of B mesons is motivated by the Cabibbo-Kobayashi-Maskawa-͑CKM͒ suppression of the W-boson mediated b→u transition, which suppresses the leading order weak decay to charmless final states by a factor of ͉V ub ͉ 2 /͉V cb ͉ 2 Ӎ10 Ϫ2 relative to that of charmed final states. Thus, observation of exclusive charmless modes with even modest branching fractions can indicate the participation of heretofore unobserved physical processes.
Recently, several results have increased the interest in exclusive charmless B meson decays. The CLEO Collaboration ͓1͔ has improved their measurement of the decay B→K*, with the measured branching fractions Br(B Ϫ5 . In this Rapid Communication, we present limits from the SLD detector on several two, three, and four-prong fully charged two-body and quasi-two-body final states. Although the B meson sample available to the SLAC Large Detector ͑SLD͒ is fairly limited in comparison to those produced at the CERN e ϩ e Ϫ collider ͑LEP͒, Cornell Electron Storage Ring ͑CESR͒, and the Fermilab Tevatron, the excellent tracking and a priori knowledge of the B meson production point admit limits competitive with those produced elsewhere. Most limits presented here on four-prong final states, for which combinatoric backgrounds are worst, are the first available. In addition, the cms energy available to experiments running at the Z 0 pole allows the study of B s decays, which are inaccessible to experiments running at the ⌼(4S).
Search modes reported in this Rapid Communication in- The ability to fully reconstruct the decaying B meson state, with precise momentum and vertex information for each of the charged daughter tracks, provides an essential constraint in the analysis; no attempt was made to search for modes with one or more long-lived final state neutral particles.
The SLD detector ͓6͔ instruments the sole interaction region of the SLAC Linear Collider ͑SLC͒. The luminous region of the SLC is an ellipsoid of dimensions approximately 2 and 0.8 m in the horizontal ͑x͒ and vertical ͑y͒ directions perpendicular to the beam axis, and 700 m along the beam axis. Due to motion of the collision point, however, the location of the luminous region is known to only ϳ7m in x and y.
Charged particle tracks are reconstructed in the central drift chamber ͑CDC͒ and the CCD-based pixel vertex detector ͑VXD͒ in a uniform axial magnetic field of 0.6 T. Including the uncertainty in the location of the luminous region ͑IP͒ of the SLC, the VXD2 vertex detector, in place through 1995, exhibited an rϪ (rϪz) The complete reconstruction of the fully charged final state provides a number of constraints which can be used to discriminate between signal and potential background sources. Candidate track combinations must be consistent with having arisen from a single vertex. This vertex is displaced from the collision point by an average of ϳ3 mm, which is measured with an average uncertainty of 60 m for the search modes. The point of closest approach of the extrapolated vertex momentum resultant to the SLD IP ͑''vertex impact parameter''͒ must be consistent with zero. The invariant mass of the tracks forming the vertex must be consistent with that of the B meson and have a total momentum consistent with known fragmentation properties. Tracks emerging from the B-meson decay vertex should have a relatively small opening angle, a large momentum, and a relatively large impact parameter with respect to the SLD IP. For quasi-two-body modes involving vector meson resonances (B→ PV and B→VV), two of the charged tracks must have an invariant mass consistent with that of each resonance. In addition, for B→ PV modes, the decay angle h of the V state with respect to its flight direction ͑''helicity angle''͒ must be consistent with the distribution d⌫/d⍀ h ϰcos 2 h dictated by angular momentum conservation.
Candidate decays were reconstructed by considering all combinations of two, three, and four tracks which pass track quality cuts ͓6͔ and with total charge 0 for PP and VV candidates, and Ϯ1 for PV candidates. The invariant mass of the candidate decay was required to be above 5.05 GeV/c 2 (5.15 GeV/c 2 ) for B ϩ and B 0 (B s 0 ) modes. The probability of the vertex fit to the candidate tracks was required to be greater than 1.0% ͑0.5% for B→VV modes and B→ PV with Vϭ), with a significance ͑separation from the SLD IP divided by the associated error͒ of greater than 1.0 ͑0.6 for B→VV modes and B→ PV with Vϭ). The smallest impact parameter D, normalized to its corresponding uncertainty, of any track in the candidate vertex was required to be greater than 1.1 ͑0.6 for B→VV modes and B→ PV modes with Vϭ). The change in the vertex invariant mass between the assumption of the nominal ͑kaon͒ mass and pion mass for all relevant tracks in the candidate vertex was required to be less than 0.3 GeV/c 2 (1.2 GeV/c 2 ) for the B → PK Ϯ (B→K 0 ) modes; this cut suppresses background vertices which get an artificially large mass due to a mistaken mass hypothesis for one or more tracks. A second mass reconstruction quantity M VV , defined to be the sum of the absolute values of the differences between the reconstructed and nominal masses of the vector meson and B meson candidates, was required to be less than 0.6 GeV/c 2 , 0.4 GeV/c 2 , and 0. 
with vector meson candidates selected according to the track partition yielding vector meson masses closest to those of the search mode. The discriminator functions were tuned for the various search modes by maximizing the separation between the SLD MC sample ͑which contains no charmless hadronic B decays͒ and separately generated MC samples representing RAPID COMMUNICATIONS each individual search mode. The signal region for each search mode was then defined according to a cut on the output of the corresponding discriminator function. For each search mode, the value of this cut was selected in an unbiased way by minimizing the average expected MC Poisson upper limit P according to
where P(u,i) is the Poisson probability for finding i background events given an expectation of u, and Br i () is the 90% C.L. upper limit for the branching ratio if i events are found. The expected signal efficiency from the MC simulation at these optimal points ranged between 24.8% and 37.9% for the various search modes, with expected backgrounds of between 0.0 and 0.48 events. The efficiency is that for all B meson signal events, regardless of whether the decay occurred in the fiducial region of the detector, but does not take into account the branching ratios into fully charged two-body final states for the vector mesons in the B→ PV and B→VV modes.
The signal efficiencies were determined from the SLD MC simulation, and thus are subject to modeling uncertainties. The efficiency of the SLD tracking system was constrained by studying the track multiplicity distributions of inclusively tagged Z 0 →bb events, which are identified with approximately 98% purity by the SLD ͓9͔. The kinematic distributions of tracks from such events are well constrained by measurements of B meson decay at the ⌼(4S) ͓10͔, as well as measurements of heavy-quark associated multiplicity at the Z 0 pole ͓11͔. The resulting comparison of the momentum dependence of the multiplicity between inclusively tagged MC and data events indicated a deficit of ϳ5% in the tracking efficiency below 1.5 ͑0.8͒ GeV/c for the VXD2 ͑VXD3͒ data sample, leading to a reduction in the estimated signal mode efficiency of ␦/Ӎ1 -2 %.
The possibility of longitudinal polarization of the vector mesons in the VV decay modes has been considered. A longitudinally polarized vector meson will decay with a cos 2 h distribution, with tracks from vector mesons decaying with small tending to be reconstructed less efficiently, due to the relatively low momentum of the backward-going track, as well as the resulting angular proximity of the two decay tracks. The MC signal simulation assumes 50% longitudinal polarization for the vector mesons from VV decays. Assuming a uniform probability distribution between 0% and 100% polarization, the resulting relative systematic error in the efficiency of the VV decay mode reconstruction is ⌬/ ϭ1.5%.
The momentum resolution at high momentum was studied by comparing the width of the reconstructed mass peak between data and MC simulation for a sample of exclusively reconstructed D Application of the various search mode selection algorithms to the full 1993-8 SLD data sample yielded a total of four distinct candidate events (E 1 ϪE 4 ) which populated the signal regions of six separate search modes. The events observed ͑background expected͒ in each of these modes were as follows: event E 1 for B Thirteen of fifteen MC events which passed the full selection criteria for at least one of the search modes had at least one identified track coming from a B meson decay, with B →D accounting for approximately one-half of these. In four of the thirteen cases, reconstructed rest mass missing due to undetected charged or neutral particles was supplied by random fragmentation tracks. Figure 1 shows the expected signal and background distributions as a function of the discriminator output from the MC simulation of a typical mode-the B Figure 2 shows the relative rate between data and MC simulation of the inclusion of background as the discriminator cut is relaxed, for the same sample. At a branching ratio of 10 Ϫ4 , a clear signal is expected, while backgrounds seem to be well modeled.
The mode for which the observed signal was least likely The Poisson likelihood of an expected background of 0.27 event fluctuating to three or more events is 0.27%, but depends strongly on the value of the expected background. A study for this mode similar to that of Fig. 2 yielded an additional 11 events, compared to a MC expectation of an additional 3 events. Thus, for this mode there is reason to believe that the background is underestimated, and so, as for other modes, only an upper limit will be quoted.
The )% are B s 0 decays ͓5͔. The uncertainty in the signal mode efficiencies was conservatively estimated to be the total difference in the MC efficiency estimate with and without the extra momentum, tracking efficiency, and track origin parameter smearing. Including the additional VV mode polarization systematic error, as well as the MC statistical error of ⌬/Ӎ2 -5 %, due to the limited size of the generated signal mode samples, the total modeling error was between 6-10 % for all modes. Ϯ0.2) ϫ10 Ϫ4 yields only a 10% probability that the two measurements are consistent with the same central value.
In conclusion, the excellent tracking capabilities of the SLD detector have enabled the SLD to establish a number of unique or competitive limits on the decay of B mesons to exclusive charmless final states. In particular, most of the four-prong quasi two-body limits presented here are the most stringent limits available. In addition, the SLD limits of Br(B ϩ → 0 ϩ )Ͻ0.83ϫ10 Ϫ4 and Br(B ϩ →K* 0 ϩ )Ͻ1.19 ϫ10 Ϫ4 ͑90% C.L.͒ rule out a DELPHI observation of the sum of these two modes ͓3͔ in favor of more stringent limits from CLEO ͓4͔.
